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Ionizing radiation that will 
affect biology: 
• Galactic Cosmic 
Radiation (GCR) &
• Solar Particle 
Events (SPEs) 
Galactic Cosmic Rays
Interplanetary space radiation
What are we going to encounter beyond LEO?
• Limits of life in space, as 
studied to date: 
 12.5 days on a lunar round trip   
and
 1.5 years in low Earth orbit on ISS
DNA, Genes, Proteins and Mutations
http://www.yourgenome.org/facts
Ionizing radiation can 
damage DNA, cause 
mutations to occur and 
affect the production of 
the proteins that are 
needed to bring about 
specific functions in 
each human cell
Radiation & spaceflight damages chromosomes in astronauts’ white blood cells 
(lymphocytes) – expect effect to be greater in deep space than on ISS
F.A. Cucinotta, M.Y.Kim, V. Willingham, and K.George. 
(2008) Rad Res. 170:127. (Studies in ISS, Mir & STS 
astronauts)
• Astronauts have      in # chromosomal abnormalities, 
even at low Earth orbits, during ISS, Mir & STS (Hubble 
shuttle) missions 
• The relative increase in frequency of these chromosomal 
abnormalities ranges from 1.5 to 1.8 times more than pre-
flight levels (95% CL)
• >80% of organ dose equivalents on ISS are from galactic 
cosmic rays (GCR) which are difficult to shield
• GCR will be much more abundant as astronauts 
go to higher orbits beyond Earth’s protective 
magnetosphere
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T.Straume, T.C. Slaba, S. Bhattacharya, L.A. Braby. (2017) Life Sci Space Res. 
(In press)
Combined effect of ambient radiation and microgravity on insects in Low Earth 
Orbit
G.Reitz, H.Bucker, R.Facius, G.Horneck, E.H. Graul, H.Berger, Ruther et al. (1981). Adv Space Res 10:161. (Shown on Spacelab Mission D1, 7 day mission & 
reconfirmed on Biosatellite Mission Cosmos 1887,13 day mission)
• Significant in early developmental abnormalities in 
Carausius morosus (“stick bug”)  during space flight with 
with heavy ion hits at early embryonic stages of 
development (Biostack concept - sandwich with nuclear track 
detectors)
• Microgravity alone had little effect on animals
• 1g centrifuge in space flight had little-to-no effect, even 
when hit with heavy ion
• No anomalies for ground controls
Abdominal segment 
anomalies from flight
Antenna anomalies 
from flight
Normal larvae
• Adult Drosophila (“fruit fly”) males sent into 
space for 8 days & mated after return 
Analyzed next generation offspring for lethality 
of irradiated X chromosome inherited from 
grandfather from space
• Significant       in frequency of lethal mutations 
induced in male germline cells
M.Ikenaga, I. Yoshikawa, M.Kojo, T. Ayaki, H.Ryo, K. Ishizaki, T. Kato, H.Yamamoto and R. Hara (1997). Biological Sciences in Space 11:346. (Space shuttle 
Endeavor flight)
Combined effect of pre-flight irradiation and microgravity on insects
E.N. Vaulina, I.D. Anikeeva, L.N. Kostina, I.G. Kogan, L.R. Palmbakh and A.L. Mashinsky (1981). Adv Space Res 1:163. (Salyut 6 orbital station)
• Space flight significantly      frequency of 
chromosomal damage induced by pre-flight 
gamma irradiation in offspring of fruit fly 
females
• non-disjunctions & loss of X 
chromosomes
• Combined effect of microgravity & radiation 
larger than either condition alone
7 day mission; temp = 24 + 10 C; 40 Gy gamma preflight irradiation or un-
irradiated adult females. Measured genetic abnormalities in F1 by mating 
after return.
Effect of radiation and spaceflight on plant seeds
Various previous missions found varying results with Arabidopsis seeds  differences in flight duration, procedures and 
hardware from experiment to experiment – therefore important to be consistent with hardware and experimental system 
(hence the “biosensor” concept)
E.N. Vaulina, I.D. Anikeeva, L.N. Kostina, I.G. Kogan, L.R. Palmbakh and A.L. Mashinksky (1981). Adv Space Res 1:163 (Salyut 6 orbital station)
• Significant, time-dependent, effect of 
pre-flight gamma radiation & 
spaceflight on Arabidopsis thaliana 
seeds
M.W. Zimmerman, K.E. Gartenbach, and A.R. Kranz (1994). Adv Space Res 14:51 (LDEF mission)
• Very long duration study (5.8y) w/ ambient radiation, showed a significant spaceflight 
effect on seed germination & mutation frequencies
• Higher than usual orbit (324-479 km compared to 350-390 km for ISS)
• Significant      in germination, delays in germination
• mutation frequencies
• Correlate w/ radiation hits (Biostack concept)
• Ionizing radiation (IR) presents a major challenge to humans and to other 
biological organisms discussed previously
• Preparation for long-term human exploration and residence in deep space
• Critical knowledge gap: deleterious effects due to long-term exposure to 
ionizing radiation in space
• Hard to accurately replicate flux and composition of space radiation on Earth
• Microgravity might be a confounding factor, particularly for larger multicellular 
organisms, when coupled with ionizing radiation in deep space 
Why do we need a biological radiation sensor 
in deep space?
Challenges for Life Science Experiments in Deep 
Space Missions
• Logistical challenges:
– Long pre-launch period (6 months, unpowered, at ambient in Florida)
– Volume/mass/power limitations
– No crew handling (so fully automated operations)
– No sample recovery
– All science data transmitted by telemetry
• No ethical radiation testing on humans for heavily ionizing space radiation 
• So we use National Institute of Health (NIH) recommended surrogate biological “model” 
organisms for example:
– brewer’s yeast (Saccharomyces cerevisiae), 
– fruit flies (Drosophila melanogaster) etc.
– house mouse (Mus musculus)
– worms (C.elegans)
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S. cerevisiae
(budding yeast)
Why Yeast?
414 essential yeast genes were deleted and replaced by their human 
counterpart (similar by DNA sequence):
• Nearly half (47%) of the human genes tested, were able to rescue the 
loss of the yeast genes! 
• This % was even higher when one matched human and yeast genes 
into gene modules (genes working together in the same biological 
process 
• For e.g. in metabolic pathways like lipid, amino acid, carbohydrate 
and vitamin metabolism can be 80-90% replaceable) 
- Kachroo et al. Science 2015. 348:921- 925
~ 1,000,000,000 Years of Evolution
Eukaryotic cells –
with a “true 
nucleus”
Modeling Cancer in Yeast and the Rad Genes
Manthey, Clear, Liddell, Negritto & Bailis. Nucleic Acids Research, 2016
dsDNA
Error-prone repair
Error-free repair
Rad51 / Rad52
Rad54 / Rdh54
Homologous
Recombination
IR
IR
The breast cancer 
susceptibility genes 
BRCA1 & BRCA2 
interact with Rad51. 
All of these genes 
play a role in known 
human cancers 
How?
S. cerevisiae cells will sense & repair direct damage to their DNA. Yeast cells will remain 
dormant until nutrient media is added allowing cell growth in fluidic cards. Multiple cards will 
be in active mode during the mission & extra card(s) will be activated in the event of a Solar 
Particle Event (SPE).
What is BioSentinel?
BioSentinel is a yeast radiation biosensor that will measure the DNA damage caused by 
space radiation, mainly DNA double strand breaks (DSBs).
Why?
Space radiation environment’s unique spectrum cannot be duplicated on Earth. It includes 
high-energy particles, is omnidirectional, continuous, and of low flux. During solar particle 
events (SPEs), radiation flux can spike to a thousand times nominal levels.
S. cerevisiae 
(budding yeast)
Why budding yeast?
It is a eukaryotic cell (like human 
cells); easy genetic and physical 
manipulation; assay availability; 
flight heritage; ability to be stored 
in dormant state
While it is a simple model 
organism, yeast cells are the best 
for the job given the limitations &
constraints of spaceflight
Rationale – Why Small Satellites?
• Small Sats (< 50 kg) are ever more capable: Miniature/micro/nano technologies
– bioengineered organisms; (micro)fabrication; materials; optics; sensors; actuators; MEMS; 
fluidics; electronics; communications; instrumentation; data handling & storage
– Power generation & storage density up; power consumption down
• Access to space: Low-cost launches as secondary payloads
– military, government, commercial; US, Russia, Europe, Canada, India, … 
– Multiple flights possible - test, learn, iterate
• Excellent education vehicle: Significant academic participation worldwide
• Autonomous operations: Less reliance on human-tended experiments
• Technology migration: ISS; landers/orbiters for moon, Mars, other planets 
GeneSat-1
4.4 kg, 3U (2006)
PharmaSat
5.1 kg, 3U
(2009) 
O/OREOS
5.5 kg, 3U (2010) 
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Main objective:
Develop a tool with autonomous life support technologies to study the biological effects of the 
space radiation environment at different orbits
Science goals:
1. Characterize DNA damage during spaceflight
2. Investigate survival to space radiation using radiation-sensitive yeast strains (e.g. rad51)
3. Characterize biological response to a solar particle event (SPE)
4. Compare data during space mission to ground experiments and subsequently to ISS
5. Correlate biological response with physical radiation measurements (JSC, radworks)
- Linear Energy Transfer (LET) spectrometer bins and counts particle events by LET
BioSentinel: research goals
Brookhaven National Lab
LLUMC proton accelerator facility
BioSentinel: Mission’s firsts
• First biological study beyond low Earth orbit (LEO) in 40+ years
- Secondary payload in SLS EM-1 (launch ~2018) - up to 13 CubeSats
- Far beyond the protection of Earth’s magnetosphere
- BioSentinel will allow a comparison between different radiation & gravitational 
environments   (interplanetary space, ISS, Moon, Mars, etc.)   
Launch Secondary payload
deployment (L+4-5 
hrs)
Lunar Transit
3-7 days
Lunar Transfer
& Fly-by
Mission Orbit
BioSentinel escapes into a 
heliocentric orbit for a 6 mo
to 1 yr mission
• First biological 6U CubeSat to fly beyond LEO (~10 x 20 x 30 cm)
- First CubeSat to combine biological studies with autonomous capability beyond
LEO (autonomous response for both scientific measurements & response to SPE)
- First mission to correlate simultaneous real-time biological and physical 
measurements of space radiation in an autonomous spacecraft
Distance to ISS:     ~ 350 km
Distance to the Moon:   ~385,000 km
Distance to the Sun:   ~150 million km
Multi-Purpose Crew 
Vehicle (MPCV)
MPCV Stage 
Adapter (MSA)
Launch Vehicle 
Adapter (LVSA)
BioSentinel mission
SLS EM-1
6U Dispenser
MSA Diaphragm
Interim Cryogenic 
Propulsion Stage (ICPS)
Core Stage

BioSentinel: a biosensor in space
6U NanoSat spacecraft
Propulsion 
System 
(CF3)2CH2
Batteries
Integrated 
Guidance 
Navigation & 
Control Unit
Star Tracker 
Cutout
Solar Arrays
Solar Array Gimbal
Bio Payload Container (4U, 4.5 kg)
Low-Gain 
Antenna
Command & Data 
Handling/Power/Transponder 
Stack
Medium-
Gain 
AntennaRadiation Sensor 
(LET spectrometer)
Initial parameters:
• 18 fluidic cards (each card has 16 microwells) – 288 wells
• Wet 2 cards periodically
• Mission length of ~6 months + 4-6 months at KSC (~2 cards activated per month)
• Dormant fluidic cards maintained at ~ 4°C to ensure longevity
• Active cards maintained at 23°C growth temperature
• One card (or more) will be reserved in the event of an SPE
BioSentinel mission
Experimental design
Thermal 
models
Josh Benton
Fluidic Card
1 of 18
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16-well fluidic card
(1 of 18)
optical PCB/source
optical diffuser
heater layer
fluidic card
heater layer
optical PCB/detection
• Optical absorbance measurement per well 
 Dedicated 3-color optical system at each well
 Measure dye absorbance & optical density 
(cell population) with stray light correction
 Ground pre-calibration + in-flight “active” cal. 
• Pressure & humidity sensors in P/L volume  
• Dedicated thermal control system per card
 16 – 23°C; 1 °C uniformity, accuracy, stability
 1 RTD sensor per card: closed-loop control  
BioSensor Payload Configuration
• Yeast dried onto µwell walls prior to integration 
& launch
• Set(s) of 16 µwells wetted periodically
• 3 LEDs + detector, per well, track growth via
optical density and cell metabolic activity via
dye color changes.     
• LEDs: 570, 630, 850 nm
Bio-fluidic-opto-thermal Cross Section
Results: yeast 
growth with 
flight-like 
prototype 
fluidic card + 
optics
RTD sensor
(embedded) T
Yeast strain selection:
- Wild type strain (control for unrepairable DNA damage & yeast health)
- DNA repair defective mutants (radiation sensitive)
- [BioSensor strains (DNA double strand break reporter) – later mission]
Long-term & other tests (successfully completed) :
- Long-term medium & metabolic dye storage (2-year test)
- Long-term desiccation in microwell plates (2-year test) & desiccation method selection
- Long-term biocompatibility in fluidic cards (~9 months completed) and in fluidic 
subsystems
- Card activation sequence finalized (desiccation → rehydration → metabolic activity & 
growth)
- Sterilization methods optimized (autoclaving vs. e-beam vs. EtO)
Radiation experiments:
- Cells irradiated in liquid suspension or in desiccated state (in plates and fluidic cards)
- Yeast strain sensitivity via colony counting or via optical density readings in microplate 
readers or Ground Support Equipment (GSE) optical units
- Sources: gamma (ARC); H-1 (Loma Linda); HZE ions (NASA Space Rad Lab at 
Brookhaven National Labs or BNL)
Yeast strains & experimental testing in 
preparation for launch
Mars 2020
ISS
SLS EM-1
BioSentinel
Conclusions
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• Biological studies in LEO show the importance of 
studying radiation effects in preparation for deep space 
human exploration 
• Nanosats / cubesats can do real science in space!  
• Tools/devices/methods of bio / nano / micro technologies are important 
enablers
• Real-time, in-situ experiments provide insights on dynamics not 
available from expose-and-return strategies
• Heritage of astro- & fundamental biology experiments in 
low Earth orbit is a major enabler for interplanetary 
biological missions
• Flying biology dry, filling fluidic µwells in µ-gravity
• Long-term materials biocompatibility, stasis > 1 year, yeast in µgravity 
• Radiation-tolerant design: O/OREOS functional after ~ 5 years 
• Well-tested sensors, fluidic components & approach, optical 
measurement approach to growth & metabolism
BioSentinel (biosensor) team
• Science - Sergio Santa Maria, Diana Marina, Macarena 
Parra, Tore Straume, Greg Nelson, Lauren Liddell, Sharmila 
Bhattacharya
• Mission Management - Bob Hanel, Dawn McIntosh, James 
Chartres, Mario Perez, Elwood Agasid, Vas Manolescu, Matt 
D’Ortenzio
• Payload - Charlie Friedericks, Rich Bielawski, Eric Tapio, 
Tony Ricco, Travis Boone, Ming Tan, Aaron Schooley, Mike 
Padgen, Lance Ellingson, Griffin McCutchenson, Diana 
Gentry, Dayne Kemp, Scott Wheeler, Susan Gavalas, Edward 
Semones
• Spacecraft and Bus and Software - Hugo Sanchez, 
Matthew Sorgenfrei, Jesse Fusco, Vanessa Kuroda, Craig 
Pires, Shang Wu, Abe Rademacher, Josh Benton, Doug 
Forman, Ben Klamm
Collaborators: Loma Linda University, JSC Radworks,
NASA Space Radiation Laboratory
Support: NASA Human Exploration and Operations Mission 
Directorate (HEOMD); Advanced Exploration Systems Division –
Jitendra Joshi, Jason Crusan.
Questions?
Total ionizing dose (Si) in 12 months: 
ambient flux + possible SPE(s) 
BioSentinel
mission
Ben Klamm
Interplanetary space radiation
What is BioSentinel going to encounter in deep space?
Cosmic Rays:
• Solar cycle: 11 year activity cycle for the sun
• Dose rates from GCR can vary by factors of 2 or more 
between solar minimum and maximum
• The largest dose rate from GCR occurs during solar minimum 
- the sun’s diminished solar wind permits more charged 
particles from the galaxy to enter our solar system
• Solar energetic particle events (SPEs) occur stochastically and 
can be very intense
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 Autonomous monitor for anomalously high dose rate
o (LET spectrometer-calc’d. total dose rate) or (TID dose rate) or (ground 
command) > Threshold 
o Threshold: 3 successive 5-min dose rates > 1.5x most recent stored 24-
hr moving average of dose rate 
 Ionizing EM radiation (gamma) precedes particles by ~ hours
o SPE is differentiable from smaller coronal mass ejections 
 Activate “designated SPE set” of fluidic wells (2 cards)
o measure radiation biological damage under wet conditions
o shown to generate more damage wet than in dry state (OH•)
SPE Autonomous Trigger for BioSensor
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TimePix 
Chip
Teledyne 
dosimeter
Typical TimePix frame:
256 x 256 x 14 bits
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 LET “spectrometer” device: TimePix solid-state device 
o measures linear energy transfer spectra
o time-over-threshold (TOT) mode. Wilkinson-type ADC
 direct energy measurement per pixel
o LET 0.2 – 300 keV/µm into 256 bins, 3% width; store hourly bin totals
o Download “local space weather” periodic snapshots 
 Total integrating dosimeter (TID): Teledyne µDOS001 
o ranged analog outputs (low, med, high, log)
o 15 µrad res. (~20 s ambient GCR) 
 SPE Trigger: TID rate increase causes wetting of a fluidic card 
o LET shutter time and ground command as alternative / backup 
Radiation Sensors 
AES Secondary Payload Combined MCR/SRR 8/19-21/14
BioSentinel
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• Ionizing radiation (IR) is unique among damaging agents due to its extraordinary efficiency at producing 
biological effects
• Importance of track structure: ionizing radiation is effective at producing DSBs because of clustering of 
ionizations within individual tracks
• Linear Energy Transfer (LET) describes energy transfer along particle path
– Low LET: sparsely ionizing; low dose from single track
– High LET: densely ionizing; high dose from single track
BioSentinel: ionizing radiation and track structure
50μm Yeast cell
Interplanetary Radiation Environment
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Total Ionizing Dose (Si) in 1 year: 
Ambient Flux + possible SPE(s) 
Flux (1 year) vs. linear energy 
transfer (LET) of particles for 
varying shielding thickness
BioSentinel FreeFlyer Spacecraft: Physical Overview
Propulsion System
Batteries
Integrated 
Guidance 
Navigation 
& Control 
Unit
Solar Arrays Solar 
Array 
Gimbal
BioSensor Payload
Low-Gain Antennas
Medium-Gain Antenna
Total Ionizing 
Dosimeter (TID) &
Linear Energy Transfer 
(LET) spectrometer
Transponder
Avionics and 
Power
BioSentinel: a biosensor in space
6U NanoSat spacecraft
